Abstract-Quantitative receptor autoradiography was used to determine the distribution of excitatory amino acid binding sites in the basal ganglia of rat brain. a-Amino-3-hydroxy-5-methylisoxazole-4-propionic acid, N-methyl-D-aspartate, kainate, quisqualate-sensitive metabotropic and non-N-methyl-Daspartate, non-kainate, non-quisqualate glutamate binding sites had their highest density in striatum, nucleus accumbens, and olfactory tubercle. Kainate binding was higher in the lateral striatum but there was no medial-lateral striatal gradient for other binding sites. N-Methyl-D-aspartate and a-amino-3-hydroxy-5-methylisoxazole-4-propionic acid binding sites were most dense in the nucleus accumbens and olfactory tubercle. There was no dorsal-ventral gradient within the striatal complex for the other binding sites. Other regions of the basal ganglia had lower densities of ligand binding. To compare binding site density within non-striatal regions, binding for each ligand was normalized to the striatal binding density. When compared to the striatal complex, a-amino-3-hydroxy-5-methylisoxazole-4-propionic acid and metabotropic binding sites had higher relative density in the globus pallidus, ventral pallidum, and subthalamic nucleus than other binding sites. Metabotropic binding also had a high relative density in the substantia nigra. Non-N-methyl-D-aspartate, non-kainate, non-quisqualate glutamate binding sites had a high relative density in globus pallidus, ventral pallidum, and substantia nigra. N-Methyl-D-aspartate binding sites had a low relative density in pallidum, subthalamic nucleus, substantia nigra and ventral tegmental area.
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Our data indicate heterogeneous distribution of excitatory amino acid binding sites within rat basal ganglia and suggest that the character of excitatory amino acid-mediated neurotransmission within the basal ganglia is also heterogeneous.
The basal ganglia are a group of interconnected subcortical nuclei spanning the telencephalon, diencephalon, and mesencephalon.
While the functions of the basal ganglia are incompletely understood, it is known from both human clinical and experimental animal studies that the basal ganglia are involved in the organization of a wide variety of motor and non-motor behaviors. Biochemical, physiological, behavioral, and immunocytochemical data indicate that excitatory amino acids (EAAs) are important neurotransmitters of afferents to basal ganglia nuclei and of some circuits within the basal ganglia (see below). The best studied of these pathways is the corticostriate projection, ence of blocking agents ( All assays were performed in an identical manner. Slides were warmed to room temperature, immersed in incubation buffer at 4°C for 30min and dried under a stream of cool air. Sections were then placed in incubation buffer at 4'C containing a single concentration of radioactive ligand (Table 1 ) and appropriate blocking agents (Table 1) for 45 min. Incubation was terminated by removal of slides from the ligand solution and rapid rinsing with four 4-ml squirts of 4°C buffer followed by two 3-ml squirts of 2.5% glutaraldehyde in acetone. Slides were then dried under a stream of hot air and apposed to tritium-sensitive film (Hyperfilm, Amersham) in light-tight cassettes along with standards containing known amounts of radioactivity. After two to six weeks, films were developed in Kodak D-19.
Data analysis
Ligand binding was quantitated with computer-assisted densitometry using the MCID system (Imaging Research Inc., St Catharines, Ontario). To quantify ligand binding density, the optical density of co-exposed standards was determined and a standard curve generated by fitting standard values with a fourth-degree polynomial regression equation.67 Standards were either specially made i4C plastic standard@' or commercial 14C plastic standards (ARC Inc., St Louis, MO), both calibrated-against previously described 'H-brain paste standardse' The 'H-brain naste standards are constructed to give a known amount of radioactivity per picomole of protein. 67 Use of the standards and derived standard curve allows conversion of area1 optical density to pmol/mg protein values, 67 This technique does assume, however, that protein concentration is reasonably uniform across brain regions. Areas read included the medial striaturn, lateral striatum, nucleus accumbcns, OT, GP, ventral pallidum (VP), entopeduncular nucleus (EP), STN, and VTA. Medial striatum and lateral striatum were read separately because hodological and behavioral studies indicate that these areas have different functional features.9.f5.7' The striatum viewed in the coronal plane was bisected to distinguish lateral striatum from medial striatum. When comparing data from lateral striatum and medial striatum, only readings from coronally sectioned animals were used. It was impossible to reliably differentiate substantia nigra pars compacta from substantia nigra pars reticulata and SN readings are an aggregate of the two regions weighted towards the pars reticulata because of its greater extent. All regions were read with a variable size cursor to allow sampling of the entire area of the structure(s) of interest present on each film. Assay of receptors with a single concentration of ligand does not allow strict comparison of receptor subtype density. Performance of saturation or displacement curves for small structures such as the STN, EP, and VTA is quite difficult. To assess the relative density of receptor subtypes within non-striatal basal ganglia nuclei, we normalized the density of binding sites within nonstriatal nuclei by calculating the percentage of striatumnucleus accumbens-QT complex binding site density for binding sites within non-striatal nuclei (Table 2) . Since receptor density for all ligands (see below) was quite high in the striatal complex, the percentage of striatal binding serves as a basis for a comparative index of absolute receptor density.
Differences between the amount of given ligand bound within different areas of the same region were assessed with a paired f-test. Areas compared with the r-test included the lateral striatum and medial striatum, dorsal striatum (mean of lateral striatum and dorsal striatum from the coronally sectioned animals averaged with dorsal striatum from parasagittally sectioned animals) and ventral striatum (mean of nucleus accumbens and OT), and the GP and VP. To compare statistically the density of different binding sites within non-striatal regions, the percentages of striatal complex binding for each binding site in each non-striatal region were compared with each other using one-way analysis of variance followed by post hoc Newman-Keuls testing for individual comparisons.
RESULTS

Striatum-nucleus accumbens-olfactory tubercle
Among basal ganglia nuclei, these three regions had the highest density of all EAA binding sites ( Table 2, Figs l-4) . With the exception of kainate binding, the density of ligand binding was similar between the medial striatum and lateral striatum (Tables 2, 3 . Figs 1, 3) . Kainate binding sites were slightly but significantly more dense in the lateral striatum (Tables 2, 3, Fig. 3) . Kainate, metabotropic, and NNKQ binding sites had similar density in the striatum, nucleus accumbens, and OT (Tables 2, 3 
Globus pallidus-ventral pallidurn
In all assays the density of ligand binding was substantially lower in the GP and VP than in the striatum-nucleus accumbens-OT (Table 2, Figs l-4) . VP, however, had a consistently higher density of bound ligand than GP (Tables 2, 3, Figs l-4) . Relative to the striatal regions, there were some differences between receptor subtypes in the GP-VP. GP, NMDA and kainate binding sites had particularly low densities relative to the striatum (Tables 2,  3 , Figs 2, 3) . AMPA, metabotropic, and NNKQ binding sites had greater relative densities than NMDA or kainate binding sites in the GP (Tables 2,  3 ) and these differences were statistically significant (Table 3 ). In the VP, metabotropic, kainate, AMPA, and NNKQ binding had higher relative densities than NMDA binding sites (Tables 2, 3) . Analysis of variance indicated that metabotropic, kainate, AMPA, and NNKQ binding sites comprised a single group which was significantly different from NMDA of the latter four binding sites forming one group binding sites (Table 3) . (Table 3) .
Entopeduncular nucleus Subthalamic nucleus
This region had a low relative density of all binding The relative density of NMDA and NNKQ bindsite subtypes (Table 2 , Figs l-4). As with the VP, the ing sites was low (Tables 2, 3 , Figs 2, 4). AMPA and relative density of NMDA binding sites was lower kainate binding site densities were almost one-third than AMPA, metabotropic, kainate, and NNKQ of striatal complex binding and metabotropic binding relative binding site density with the relative densities site density was almost 50% of striatal complex Table I and text) in the presence of 2.5 PM quisqualate from total
[3H]glutamate binding under metabotropic binding site conditions. Digital subtraction is done by computationally superimposing images from two closely adjacent sections and computing the difference of superimposed pixels. An image is constructed using the derived values for individual pixels. Digital subtraction is done with images from this assay because of the relatively high nonspecific binding. Magnification = x 10 prior to reduction. Figs 2, 3) . Only the relative density of metabotropic binding was statistically distinguishable from the relative density of other binding sites (Table 3) .
MET
Substantia nigra-ventral tegmental area
The relative density of all binding sites was low in SN and VTA with the exception of metabotropic and NNKQ binding in the SN (Tables 2, 3, Figs l-4) . The latter was approximately 40% of striatal complex binding (Table 2, Fig. 4) . The relative densities of metabotropic and NNKQ binding were significantly different from the relative densities of the other binding sites (Table 3 ). There were no significant differences among relative densities of binding sites in the VTA (Tables 2. 3) .
DISCUSSION
All nuclei of the basal ganglia possessed EAA binding sites but EAA binding site subtypes were distributed inhomogeneously in rat basal ganglia. Strict comparison of the total density (B,,,) of binding site subtypes within a given region was not possible using single ligand concentrations. Scatchard analyses, however, were not feasible in several regions due to their small size. Nonetheless, by comparing the amount of bound ligand relative to binding within the striatum-nucleus accumbens-OT complex, a region with a high density of all EAA binding site subtypes, it is possible to approximate the relative density of EAA binding site subtypes within and among basal ganglia nuclei. This type of analysis assumes that receptor affinity is reasonably similar in different basal ganglia nuclei. Prior studies of EAA binding sites have found little variation in the affinity of EAA binding sites between regions with the exception of NMDA binding sites which may exist in both agonist-preferring and antagonlst-preferring forms in different regions.3JS5E*59
The binding site density differences between basal ganglia nuclei are most marked by the higher density of all binding sites in the striatum-nucleus ~um~ns~T complex than other nuclei of the basal ganglia. Of all basal ganglia nuclei, the striatum-nucleus accumbens-OT complex probably receives the greatest amount of EAAergic innervation. In addition to the massive and weilcharacterized input from neocortex to the striatum proper, the striatum-nucleus accumbens-OT complex also receives probable EAAergie input from the hippocampal complex," amygdala,26*94,95 and primary olfactory cortex.'6 The striatum-nucleus accumbens-QT complex may also receive EAAergic afferents from the intralaminar nuclei of the thalamus. Retrograde rHfr>-aspartate transport studies indicate that these nuclei may be EAAergic. 26 Studies of striatal EAA uptake after parafascicular nucleus lesions, however, do not support this notion. 5s The striatal complex also receives a potentially EAAergic input from the STN. While the STN-striatal projection is relatively modest in rat 36.48 in primates and cat it appears to be a more sudstantiaf striataf afferent.8t"8 The relatively high density of ah EAA binding sites within ait components of the striatum-nucleus accumbens-OT complex emphasizes the similarity of dorsal striatum, nucleus accumbens, and OT.' Our NMDA, AMPA, and kainate data are consistent with previous studies of striatal EAA binding sites in rat brain.33137,57.5**60.93 Our results correlate with studies showing that intrastriatal infusion of agents active at either NMDA, AMPA, or kainate receptors produce prominent behavioral effects.22+4'*45*85 Our metabotropic binding data are also compatible with evidence that glutamate and quisqualate agonists are potent stimulators of inositof phospho~jpid turnover in striatal slices and striatal neurons in primary culture.64*a3~q" Autoradiographic investigations of inositol triphosphate receptors have shown a high density in the striatum. 97 Available data suggest that EAA binding sites are predominantly located on striatal neurons though some data suggests the presence of presynaptic EAA receptors on corticostriate and nigrostriatat dopaminer~c terminals.iS*u~3'
Within the striatum-nucleus accumbens-OT complex, our results suggest differences in EAA binding site distribution. Kainate binding was significantly higher in the Lateral striatum than the medial striaturn, and there is a dorsal-ventral gradient of NMDA and AMPA binding site density with highest density in the ventral striatum and lowest in the dorsal striatum. One possible explanation for this gradient is the greater cellular density of the nucleus accumbens and OT, especially when compared with the dorsal striatum where it is penetrated by myelinated bundles of corticofugal axons. Myelin absorbs tritium emissions, and this "quenching" may cause underestimates of ligand bindingnZ7 Kainate, metabotropic, and NNKQ binding sites, however, have no dorsal-ventral density gradient. The distributions of these bmding sites cannot be attributed to neuronal density or white matter gradients and suggest that there is a real dorsal-ventral gradient in NMDA and AMPA binding site density.
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Another dorsal-ventral gradient exists between the dorsal and ventral pallidum. In this situation, however, all EAA binding site subtypes are more dense in VP than in GP. Due to the fact that the GP is traversed by numerous fibers of passage, neuronal density is higher in VP than GP. Difference in neuronal density is a likely explanation for the higher density of receptors and NNKQ binding in VP than in GP. In addition, many of the fibers passing through the GP are myelinated, and white matter quenching could contribute to the apparently lower density of EAA binding sites in GP. While binding studies with "C-labeled ligands would be necessary to systematically evaluate the strdted that intra-GP infusion of the NMDA antagonist AP7 has significant effects on motor behavior."
The EP has a low density of all EAA binding sites with a particularly low density of NMDA binding sites. As with the GP, the low density of EAA binding sites could be due in part to the low cellular density of the EP and the fact that it is embedded within the fibers of the heavily myelinated internal capsule. 
